The antiseptic efficacy of ethanol, isopropanol, and n-propanol at 60%, 70%, and 89.5% (all vol/vol) was analyzed after 2, 3, or 4 min of application to the forehead, back, and abdomen of 180 volunteers by the use of a standardized swab sampling method. Results of recolonization by the aerobic skin flora of the upper arms and backs of 20 volunteers were compared 72 h after treatment with 0.5%, 1%, or 2% chlorhexidine digluconate (CHG) in 89.5% n-propanol. The most effective alcohol at all skin sites was n-propanol, with a mean log 10 reduction of 1.82 after 2 min on the forehead. Efficacy against the aerobic flora of the forehead was mainly influenced by the type of alcohol (P < 0.001), followed by the concentration (P < 0.001) and the application time (P ‫؍‬ 0.006). Ethanol and isopropanol were significantly less effective (both P < 0.001). Alcohol supplemented with 0.5% or more CHG was significantly more effective than alcohol alone in the suppression of recolonization (P < 0.05). An 89.5% solution of n-propanol was the most effective alcohol for the reduction of populations of aerobic skin flora. Its combination with CHG is appropriate whenever recolonization of the skin must be limited. Further studies are needed to determine the most effective concentration of CHG in npropanol to provide the best protection against recolonization of the skin, e.g., for catheter site care.
In the United States and Europe, both ethanol and isopropanol are recognized active agents in medicinal products (7, 32) , e.g., to prevent surgical-site infections as recommended by the Centers for Disease Control and Prevention (CDC). The U.S. Food and Drug Administration (FDA) assessed aqueous ethanol at 60% to 95% and isopropanol at 70% to 91.3% (vol/vol) as safe and effective for patient preoperative skin preparations (9) . In Europe, n-propanol is also approved as an active ingredient in medicinal products for skin antisepsis.
For catheter site care, the CDC strongly recommends the use of a 2% chlorhexidine-based preparation (24) . The suppression of the recolonization of the catheter site is important because of the permanent gap in the skin barrier and the long intervals between dressing changes. Chlorhexidine is more effective than other standard preparations in preventing catheter colonization when used for catheter site care (33) . It is also more effective in reducing bloodstream infection rates, which are the most important clinical endpoints (6, 19, 22) .
To the best of our knowledge, the levels of efficacy of the three alcohols used for skin antisepsis have never been studied systematically in vivo. Therefore, in this study, ethanol, isopropanol, and n-propanol were compared at three different concentrations and for three different application times at four clinically relevant skin sites to determine which of these antiseptic treatments is most effective in reducing the populations of aerobic skin flora. We then combined the most effective alcohol solutions identified with different concentrations of chlorhexidine digluconate (CHG) and analyzed their effects on recolonization at two different skin sites after 72 h of sterile coverage.
MATERIALS AND METHODS
Antiseptic solutions. For part 1 of the study, aqueous solutions of ethanol, n-propanol, and isopropanol, at concentrations of 60%, 70%, and 89.5% (all vol/vol) each, were used.
For part 2 of the study, 89.5% (vol/vol) aqueous n-propanol supplemented with 0.5%, 1.0%, or 2% (all wt/wt) CHG (Evonik Degussa GmbH, Hanau, Germany) was used. All formulations were manufactured by Bode Chemie GmbH, Hamburg, Germany.
Study population. The sample size was chosen to determine the efficacy of the alcohols at a specific concentration for a specific application time for 20 subjects. The three types of alcohol were tested at three different concentrations for three application times, resulting in a total of 180 subjects in the first part of the study. For all subjects, ethanol, n-propanol, and isopropanol were tested in parallel at a specific concentration and for a specific application time. All four skin sites of each subject were evaluated consecutively on the same day. Volunteers were allowed to participate multiple times in the study but only once each for the evaluation of a specific concentration at a specific application time. A treatmentfree interval of at least 7 days between tests of the same subject was maintained. A total of 20 different subjects participated in the second part of the study. In both parts of the study, a sex ratio of 10 women to 10 men was preferred, but a ratio of 9 to 11 or 11 to 9 was accepted.
Volunteers who were younger than 18 years of age, had a skin disease(s) such as dermatitis at one or more of the tested skin sites, or had undergone antibiotic or local antiseptic treatment 7 days before the test were excluded.
Study design. A prospective, randomized, unicenter, double-blind study design was chosen. This study was approved by an ethics commission (Freiburger EthikKommission GmbH International, Freiburg, Germany; approval code 07/2064). Informed consent was obtained from each volunteer in a signed consent form.
Efficacy of alcohols. The immediate effect of the different alcohols was tested on the forehead, upper back, abdomen, and lumbar area. The alcohol solutions (each identified only by a blinded code designation) were tested with an application time of 2, 3, or 4 min.
At each of these sites, four test areas (5 cm 2 each in size) were marked with a sterilized metal stamp and stamp pad ink before sampling. The four test areas were arranged side by side horizontally on the forehead and in each corner of a larger square on the other skin sites. The test areas on all skin sites of each subject were randomly assigned for baseline sampling (pretreatment) and for the three types of alcohol by using a Latin-square design. The units were arranged in a four-by-four square such that each treatment appeared once in each row and each column. The rows of the square were allocated to specific skin sites, and the columns were allocated to the specific test areas. A new Latin square was constructed for each subject.
In each test area, the alcohol was applied once every minute with a rayon swab in a standardized manner. In order to ensure that the skin was kept moist during the minute, the entire test area was completely wiped three times. The swab was moistened prior to each use.
Both baseline sampling and posttreatment sampling were performed as follows. The test area was swabbed with a sterile rayon swab (BBL CultureSwab ohne medium; Becton Dickinson, Darmstadt, Germany), premoistened with broth, by pressing the swab as evenly as possible on the skin and rubbing the 5-cm 2 area with a total of 30 swab movements (during approximately 10 to 12 s). The tip of the swab was broken off into a sterile collection tube containing 5 ml of casein-peptone soymeal-peptone broth (Merck KgaA, Darmstadt, Germany) supplemented with 3% polysorbate 80 (Merck KgaA, Darmstadt, Germany), 0.3% lecithin (SERVA Electrophoresis GmbH, Heidelberg, Germany), 0.1% l-histidine, and 0.1% l-cysteine (both Merck KgaA, Darmstadt, Germany), and the sample was mixed for 30 s. The samples were stored at 2 to 8°C for a maximum of 3 h until spreading, because the numbers of bacteria do not change during this type of storage (16) . Each sample was mixed for 5 s before dilution. Aliquots (0.5 ml) and serial dilutions were spread in duplicate on casein-peptone soymeal-peptone agar (CASO agar; Merck KgaA, Darmstadt, Germany) plates with a diameter of 90 mm.
After incubation of the CASO agar plates (aerobically for 48 h at 37 Ϯ 2°C), the numbers of CFU were counted. For determination of the baseline bacterial density, all plates with CFU counts between 15 and 300 were evaluated. For posttreatment bacterial density determinations, all plates with CFU counts below 300, including those with less than 15 CFU, were evaluated to avoid false-positive efficacy results.
Efficacy of supplementary CHG. To test the immediate and residual effects of antiseptic containing CHG, six test areas were chosen on the upper arms and upper back. The skin sites were primarily chosen for their clinical relevance for catheter site care. The upper back is very close to the puncture site of subclavian catheters and can easily be sampled and covered with sterile dressings. The upper arm is very close to the antecubital fossa and can also easily be sampled and covered with sterile dressings. On each upper arm, three 5-cm 2 areas were marked, one below the other; on the upper back, two cranial areas were marked side by side, and four areas were marked just below them. The areas in the middle of each upper arm and the cranially located areas on the upper back were used to analyze the baseline counts and the immediate antiseptic effects. The allocation of different sites of the body was balanced across the groups of participants.
The baseline counts and immediate effects of the antiseptics were determined as described for the first part of the study. Casein-peptone soymeal-peptone broth containing 3% polysorbate 80, 0.3% lecithin, 0.1% l-histidine, and 0.5% sodium thiosulfate (Merck KgaA, Darmstadt, Germany), 3% saponin (SigmaAldrich Chemie GmbH, Steinheim, Germany), and 1% sodiumlaurylethersulfate (Cognis GmbH, Mohnheim am Rhein, Germany), previously described as suitable (14) , and CASO agar containing 0.1% l-histidine, 0.3% lecithin, and 3% polysorbate 80 (Merck KgaA, Darmstadt, Germany) were used. The neutralization of the alcohol solution supplemented with 2% CHG was validated according to ASTM E 1054-02 (2) with five aerobic challenge microorganisms, all of which are found on human skin (25) , to ensure that the carryover of residual antiseptic in vitro did not lead to false-positive efficacy results.
The other four test areas were treated randomly with 89.5% n-propanol with or without CHG. The application times were 30 s on the upper arms and 3 min on the back, as described for the first part of the study. After the skin had been dried, each test area was covered with a sterile, water-resistant, vapor-permeable adhesive dressing for 72 Ϯ 2 h. The dressings were then removed and the samples collected, handled, and incubated as described for the baseline samples.
Determination of efficacy. Each efficacy evaluation was based on the mean baseline log 10 CFU/cm 2 count at the corresponding skin site. For each type of treatment, the mean log 10 CFU/cm 2 counts for all duplicate analyses were calculated. When the results of two different dilution steps were within the defined CFU range, the weighted means were calculated.
The log 10 reduction was calculated by subtracting the mean log 10 CFU/cm 2 count after each treatment from the mean baseline log 10 CFU/cm 2 count at each skin site.
Statistical analysis. All computer-based statistical calculations were made with SPSS 13.0 or 15.0 (SPSS Inc., Chicago, IL).
In the first part of the study, differences between the treatment groups regarding different types of alcohol for a specific application time at a specific concentration were determined (using analysis of variance or, if applicable, the Welch test). When the differences were significant (P Ͻ 0.05), Tukey's honestly significant difference test or Tamhane's T2 test was used for post hoc analyses.
In the second part of the study, the differences in the mean log 10 reductions between all the treatment groups were analyzed with the Friedman test. When the P value was lower than 0.05, the Wilcoxon-Wilcox test was applied.
RESULTS
Efficacy of alcohols. The average age of the 180 volunteers was 33 Ϯ 12 years in the first part of the study. The highest density of aerobic flora was on the forehead (mean log 10 CFU/ cm 2 , 3.69 Ϯ 1.00), followed by the upper back (3.00 Ϯ 0.90), the abdomen (2.98 Ϯ 0.74), and the lumbar area (2.35 Ϯ 0.70).
Overall, the most effective type of alcohol for reduction of populations of flora was n-propanol at 89.5% (vol/vol). The application time was of minor relevance. The results are summarized in Table 1 .
All three parameters were ranked regarding their respective degrees of influence on the log 10 reduction at each skin site. Overall, the type of alcohol had the strongest effect (Table 2) .
Post hoc analyses of the results obtained for the forehead, the upper back, and the abdomen showed that n-propanol was more effective at reducing populations of flora than ethanol (all P Ͻ 0.001) and isopropanol (P Ͻ 0.001 for forehead and upper back; P ϭ 0.001 for abdomen), regardless of the concentration or application time.
Irrespective of the application time or type of alcohol, post hoc analyses of the different alcohol concentrations showed that a 60% concentration was less effective than 70% or 89.5% (P Ͻ 0.001 and P ϭ 0.006) on the forehead. Furthermore, a 70% concentration was less effective than 89.5% (P ϭ 0.003) on the forehead and the upper back (P ϭ 0.027). On the upper back and abdomen and in the lumbar area, a concentration of 60% was significantly less effective than 89.5% (P ϭ 0.01 for the upper back; P ϭ 0.017 for the abdomen; P Ͻ 0.001 for the lumbar area).
An application time of 2 min was significantly less effective than 3 min and 4 min on the forehead and the upper back (P ϭ 0.048 and P ϭ 0.023 for the forehead; P ϭ 0.013 and P Ͻ 0.001 for the upper back), regardless of the type of alcohol or its concentration.
Efficacy of 89.5% n-propanol supplemented with 0.5%, 1%, or 2% CHG or with no supplementation. The average age for the group of 20 volunteers was 36 Ϯ 13 years. The baseline count, the immediate effect of n-propanol, and the log 10 reductions in the populations of flora induced by the supplemented and unsupplemented alcohol solutions after 72 h are shown in Table 3 .
The effects of the four antiseptic solutions differed significantly at both skin sites, as is consistent with the maintenance of recolonization by aerobic skin flora below the baseline level after 72 h of sterile coverage (P ϭ 0.001 for the upper arms and P ϭ 0.005 for the upper back by the Friedman test).
On the upper arms, all supplemented antiseptic solutions were significantly more effective than n-propanol without CHG in maintaining the recolonization of the aerobic skin flora below the baseline level after 72 h (0.5% CHG, P Ͻ 0.01; 1% CHG, P Ͻ 0.05; 2% CHG, P Ͻ 0.01 [paired analyses with the Wilcoxon-Wilcox test]).
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On the upper back, the antiseptic solutions supplemented with 0.5% and 2% CHG were significantly more effective than the n-propanol solution without CHG in suppressing the recolonization by the aerobic skin flora after 72 h (both P Ͻ 0.05).
No significant differences were observed among the three CHG-supplemented solutions at both skin sites (all paired analyses; P Ͼ 0.05 [Wilcoxon-Wilcox test]).
DISCUSSION
We have shown for the first time in vivo that the type of alcohol is the most important factor, followed by its concen- b Different superscript uppercase characters (A to M) represent significant differences in post hoc analysis results between the different types of alcohol. Single and double superscript uppercase characters are used whenever a significant difference was found between two pairs of means. Each mean value represents data from 20 different subjects.
tration and application time, in producing the best aerobic skin flora reduction.
In our study, n-propanol was the most effective alcohol in reducing the aerobic skin flora at all skin sites tested. To achieve the same reduction as n-propanol, ethanol or isopropanol must be applied at higher concentrations or for longer times or both. No systematic studies have compared the efficacy of these alcohols in skin antisepsis, although similar findings have been reported for hand hygiene (but a less systematic approach was taken in those studies) (13, 27, 31) . Despite the evidence identifying n-propanol as the most effective alcohol, it was the only alcohol in our study that is not approved by the FDA as safe and effective (category I) for skin antisepsis (32) .
We found that the skin site itself has an impact on the reduction of the skin flora by antiseptics. This is explicable by the range of densities of skin flora at different sites (4, 18, 20, 23) and probably the physiological condition of the treated skin area (15) . For example, the mean baseline counts per square centimeter on the abdomen and the upper back were similar, but the log 10 reductions on the upper back were considerably lower.
The highest bacterial density was found on the forehead, where the log 10 reductions were lower those at the other skin sites. This can be explained by the high density of sebaceous glands, which may create a protecting barrier (4, 8, 10, 18, 20, 21) . Nevertheless, the greatest differences in the efficacy were observed at this site. Alcohol solutions that were effective on the forehead were also highly effective at the other skin sites. These results challenge the idea that testing antiseptics on the groin and abdomen, as recommended by the FDA and the ASTM E 1173-01 methods (3, 9) , provides acceptable results for surgical procedures performed on the head, e.g., in neurosurgery.
In our study the lowest colony counts were found at the lumbar site. All treatments achieved an irreducible minimum density of the aerobic skin flora within 2 min. This area does not appear to be as critical as previously thought in Germany, where a standard application time for skin antiseptics is 10 min at the lumbar site, although there may be severe consequences if bacteria gain access to the cerebrospinal fluid during puncture (26, 28, 29) .
The composition of the skin microflora and their sensitivity to antiseptic agents also depend on the skin site. Skin with many sebaceous glands is highly colonized by anaerobes, and skin with few sebaceous glands mainly harbors staphylococci and aerobic coryneforms (5, 18, 21) . We did not distinguish between different floral species. Therefore, the composition of the resident flora may also explain the variable levels of efficacy at different skin sites.
The findings with regard to the effects of CHG on the persistence of antimicrobial efficacy on human skin are supported by substantial evidence (6, 19) . However, efficacy data for CHG must be assessed very carefully, because false positive results are possible when neutralization is insufficient (12) . Combining CHG with alcohol is advantageous, because the slowness with which CHG takes effect is of little importance due to the immediate effect of the alcohol (8) .
We found that CHG (0.5% or higher) in 89.5% n-propanol significantly slowed down the recolonization of the skin when it was covered for 72 h. The unsupplemented alcohol solution had only a marginal effect. This finding is supported by the results of other studies (11, 17) ; on the abdominal skin, 2% CHG in 70% isopropanol provided a significantly more persistent antimicrobial activity than did isopropanol alone (11) . It has been shown effective in the prevention of colonization of peripheral venous catheters (1, 11, 30) .
Although we found that 1% CHG in 89.5% n-propanol had the greatest effect on the upper back after 72 h, we found no statistically significant difference compared to the results obtained with unsupplemented alcohol. This is a surprising finding to us, and we can only explain it with the chosen statistical test, which was a pairwise comparison. But we do not doubt its biological relevance.
Our data indicate that 0.5% CHG was already effective in slowing down recolonization at two skin sites. Vallés et al. found no difference between 0.5% alcoholic CHG and 2% aqueous CHG in preventing catheter colonization (33) . With alcohol used as a solvent, even a Ͻ0.5% concentration of CHG may be sufficient to slow down recolonization. Further studies are needed to clarify whether CHG concentrations lower than 2% in alcohol solutions provide equivalent results for the prevention of catheter-related bloodstream infections.
Conclusions. An 89.5% concentration of n-propanol was the most effective alcohol solution in reducing the aerobic skin flora. A combination with at least 0.5% CHG slowed down the recolonization of the skin flora. But further studies are needed to determine the most effective CHG-concentration in n-propanol for providing the best protection against recolonization of the skin, e.g., for catheter site care.
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